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Abstract 
A rapid and facile method to prepare functional chitosan nanocomposite films incorporating silver 
nanoparticles (AgNPs) has been developed using ultrasound assisted in-situ synthesis, dispersion 
and crosslinking. Addition of AgNPs and CNTs increased the mechanical strength and 
extensibility of polymeric chitosan nanocomposites. The films were characterized by transmission 
electron microscopy (TEM), scanning electron microscopy (SEM), and infrared spectroscopy (IR). 
TEM showed that ultrasound produced more homogeneous dispersion of AgNPs and nanotubes as 
a result of breakage of CNTs bundles. Dielectric spectroscopy revealed that the real part of 
dielectric constant is found to increase with increase in temperature and frequency for both Chi/Ag 
and Chi/CNTs/Ag nanocomposite films. The conductivity of Chi/CNTs/Ag nanocomposite films 
was lower than when the CNTs were omitted. 
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Graphical abstract  
 
 
 
 
 
Highlights  
 Nanocomposites containing AgNPs and CNTs in chitosan have been prepared 
 Use of ultrasound promoted the effective formation and dispersion into the matrix 
 Nanocomposite films showed enhanced tensile properties over native chitosan 
 Composite properties such as conductivity, impedance and dielectric loss are discussed  
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1. Introduction 
Silver nanoparticles (AgNPs) are gaining enormous attention due to their range of size- and 
shape-dependent electrical, optical and magnetic properties [1, 2] as well as their potent 
antibacterial and antifungal activities [3, 4]. AgNPs have been incorporated into polymers to 
form biosensors, composite materials and fibres, catalysts, cryogenic super conducting materials, 
cosmetic products and electronic components. They are also being used in clothing, paints, 
coatings, cosmetics, and electronics, as well as in the food industry [5 - 8]. Several methods have 
been employed to synthesize AgNPs, including chemical, photochemical or electrochemical 
reactions or laser ablation [9-11]. The most widely used is the reduction of silver salts by, for 
example, sodium borohydride or sodium citrate. The use of ultrasound to enhance the synthesis 
has also been shown to be beneficial [12, 13] and to allow some control over the size and shape 
of the NPs.  
Conducting the synthesis of metal, oxide and chalcogenide nanoparticles using high 
intensity ultrasound has been widely examined and sonochemistry has developed into a powerful 
tool in the preparation of nanostructured materials [14, 15] some of which are unavailable by 
conventional methods [16 - 18]. The primary physical phenomena associated with ultrasound 
promoted synthesis are due to the generation of acoustic cavitation [19], the growth and 
explosive collapse of micron sized bubbles in a liquid. Acoustic cavitation can create extreme 
conditions inside the collapsing bubbles, for example hot spots of 4500 K, pressures up 
to1000 bar and heating and cooling rates of 1010 K s-1, allowing access to a variety of unusual 
nanostructured materials including a wide range of nanocomposites [14].  
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The need to produce materials with improved properties has led to the development of a 
huge range of polymer composites. The latter rely on the incorporation of fillers and modifiers to 
produce highly functional materials [20]. Among the applications of ultrasound in this area has 
been the modification of filler surfaces [21] to ensure their efficient dispersal into polymer 
matrices [22].  
This work presents a novel method for the synthesis and effective dispersion of AgNPs and 
carbon nanotubes (CNTs) in a chitosan matrix. CNTs have been widely used as reinforcing fillers 
to increase the mechanical strength and elastic moduli of nanocomposite materials [23 - 25]. Our 
work [26] has recently demonstrated that ultrasound can be used with very dilute acids to overcome 
the strong van der Waals interactions between CNTs as well as to modify the surface structure and 
properties so that they can be readily distributed in a chitosan matrix. Chitosan is a naturally 
occurring biodegradable, cationic polymer. It has been investigated extensively over last decades 
for use in, amongst others, water treatment, artificial skin and biosensors [27]. Despite its many 
advantages, chitosan alone has poor mechanical and electrical properties which restrict its use for 
many applications. The most effective approach to improving these properties is to form a 
nanocomposite by incorporating components such as clays, metal nanoparticles or nanotubes [28]. 
Examples incorporating silver have displayed useful properties as heterogeneous catalysts [29] 
and antibacterial materials [30]. 
We focus here on, to our knowledge, a novel approach using high power ultrasound for 
the synthesis of AgNPs and their homogeneous dispersion with CNTs into a chitosan matrix to 
produce a functional polymer membrane with high mechanical integrity. The effects of including 
AgNPs and CNTs to form polymeric nanocomposites on the dielectric, morphological, structural 
and mechanical properties and the implications for their potential uses are reported. 
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2. Experimental Section 
2.1.  Materials and Methods  
Silver nitrate, chitosan (Chi, C3646, 75% deacetylated), poly(vinyl alcohol) (PVA, Mw: 
146,000-186,000), poly(vinyl pyrrolidone) (PVP, average Mw: 40,000), tetraethylorthosilicate, 
(TEOS), vinyl triethoxysilane (VTES), potassium persulfate, acetic acid, sodium hydroxide, 
hydrochloric acid and ethanol were obtained from Sigma-Aldrich (UK) and used without further 
purification. Multi-walled carbon nanotubes, (CNTs), diameter 9.5 nm, and average length 1.5 
µm were purchased from Korea (NANOCYL NC700) and were treated with gamma radiation at 
Pakistan Radiation Services using a 60Co gamma irradiator (Model JS-7900, IR-148, ATCOP) in 
air at a dose rate of 1.02 kGy h-1 to give a total absorbed dose of 200 kGy.   
2.2.  Synthesis of AgNPs and Chi nanocomposites 
Colloidal AgNPs were synthesized from silver nitrate with ultrasonic irradiation by modifying a 
previously published procedure [9]. Briefly, 100 cm3 of 0.1 mM aqueous NaOH was sonicated 
for 1h while adding dropwise 7.2 cm3 of 5.88 mM aqueous AgNO3 under a nitrogen atmosphere. 
Sonication was carried out with an ultrasonic horn (Sonic Processor L500-20, Sonic System, 20 
kHz), immersed directly into the reaction solution operating at an intensity (measured 
calorimetrically [31]) of 12 W cm-2. A solution of 0.5g PVP in 5 cm3 water was added to avoid 
agglomeration. UV–Visible spectra were recorded every 10 min to monitor the formation of 
silver nanoparticles (Ag-NPs). 
Chi/AgNPs nanocomposite films were also prepared using a modification of a previously 
reported procedure [32]. Chitosan (1.8 g) was dissolved in 100 cm3 of 2% acetic acid and 50 cm3 
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of the AgNPs suspensions was dispersed in solution by sonication (as above, 12 W cm-2). PVA 
and PVP (10 mg each) were separately dissolved in 10 cm3 water and the solutions were mixed 
with VTES (15.5 µL) and potassium persulfate (0.0125 mg). This mixture was heated to 70 C 
for 1 h before adding to the chitosan solution containing TEOS (15.5 µL). Sonication was then 
carried on at 45C using a 20 kHz horn at 12 W cm-2 for 1 h. The mixture was poured into plastic 
dishes to dry to form films at room temperature. The same procedure was used for 
chitosan/CNTs/AgNP synthesis where 1.25 mg of CNTs was dispersed in the PVP solution. 
 
2.3  Characterization 
2.3.1.  Spectroscopy and Electron Microscopy 
UV-visible spectra were recorded using an Agilent-8453 spectrophotometer with distilled water 
as reference. FT-IR spectra were recorded between 4000 - 500 cm-1 using a Perkin Elmer 
Spectrum 100 spectrometer (16 scans at a resolution of 4.0 cm-1). The AgNPs and the quality of 
their dispersion with CNTs into the polymer matrix was investigated by transmission electron 
microscope (TEM) using a JEOL JEM 1200 EXII instrument operated at an accelerating voltage 
of 120.0 kV. The surface morphology of the nanocomposites was observed by using JEOL SEM-
6480LV scanning electron microscope (SEM) operating at 120.0 kV. Samples were prepared by 
swelling in distilled water and freeze-drying using a Bench-Top Pro Freeze-Dryer. The samples 
were held on carbon tape and vacuum dried before coating with gold using an Edwards Sputter 
Coater-S150B. For energy-dispersive spectrometry (EDX) analysis, samples were not coated 
with gold. 
2.3.2.  Mechanical and dielectric properties  
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The mechanical properties of the nanocomposites were measured using an Instron model 3369 
material tester. The samples were cut into dumbbell shape with dimensions 30.25 mm  0.06 mm 
 6.6 mm. A 100 N load cell was used with an extension rate of 2 mm min-1. The dielectric 
properties of Chi/Ag and Chi/CNTs/Ag films were measured with an Agilent 4294A impedance 
analyzer over a frequency range of 3 kHz to 10 MHz and a temperature range of 303 K to 423 K. 
The specimen used for measurements had dimensions of 80 mm × 80 mm × 3 mm. 
 
3. Results and discussion  
The UV-Vis spectra recorded during the AgNPs synthesis are shown in Fig. 1(a). The growth of 
the peak corresponding to the surface plasmon resonance (SPR) of nanoparticulate silver was 
observed in the wavelength range 410-420 nm during the 60 min of sonication. During the 
reaction, the solution changed from clear, through yellow to a deep brown color. These changes 
in color and absorption wavelength indicate a modest growth in average particle size of the  
AgNPs [33]. He et al. reported [12] similar results over the course of 14 h sonication, a much 
longer reaction time than involved here. The max value suggests a final mean particle size of  
20 nm. This is supported by our TEM observations where Fig 1(b) shows that the AgNPs are 
spherical in shape and mostly < 20 nm in diameter although there are a few larger particles. 
Figure 1(c, d) show that the ultrasound promoted dispersion of the AgNPs and CNTs into 
the chitosan matrix is homogeneous; the nanoparticles are well separated from each other. 
Murugadoss et al. suggested that the amine and hydroxyl groups present in chitosan support the 
nucleation as well as the stabilization of AgNPs [29] by preventing agglomeration and cluster 
formation. However, in this work nucleation and growth is complete before adding the chitosan. 
The TEM images also demonstrate that the AgNPs have attached onto CNTs. In this study, 
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gamma irradiated CNTs were used. Related work [26] has shown that gamma treatment in air 
partially anneals the CNTs, reducing the number of defect sites and also induces surface 
oxidation which may facilitate interaction with the AgNPs. Moreover, the CNTs are segregated 
in the form of separate, untangled tubes, due to the physical effects of sonication during mixing. 
The absorption spectra and the photographs of the nanocomposite are presented in Figure 1(e-g).  
The max value of the silver absorption band was shifted slightly to longer wavelength after the 
addition of chitosan into Ag-CNTs dispersion, suggesting a slightly larger average particle size. 
Interestingly the AgNPs peak after addition of chitosan was somewhat broader than in solution 
(Fig. 1(a)) suggesting that the size distribution of the nanoparticles may have been broadened.  
 
Figure 1.  Characterisation of AgNPs and nanocomposites. (a) UV-Vis absorption spectra of 
AgNPs during synthesis; (b) TEM images of AgNPs synthesized under ultrasound for 1h;  (c, d) 
TEM images of Chi/CNTs/AgNPs; (e), UV-Vis absorption spectra of nanocomposites; (f, g) 
photographs of cast films. 
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The SEM micrographs and EDX results for the nanocomposite films are shown in Figure 
2. They show the porous nature of the nanocomposite. EDX results confirmed the presence of 
silver particles in the chitosan matrices. The micrographs suggest that incorporating the CNTs 
into the film changed the morphology, making them more compact and less porous as has been 
noted previously. In both cases, the fillers were homogeneously dispersed in the chitosan matrix 
within the scale of microscopic observation.  
 
Figure 2. SEM micrographs and EDX spectra (insets) of nanocomposite films. (a) Chi/Ag; (b) 
Chi/CNTs/Ag  
 
The FTIR spectra of Chi, Chi/AgNP and Chi/CNTs/AgNP films are shown in Figure 3. 
The Chi spectrum shows absorption peaks at 1652 cm-1, 1542 cm-1 and 1325 cm-1 corresponding 
to amide I, amide II and amide III stretches. In the Chi/Ag nanocomposite, the peaks are rather 
broader around 2850 cm-1 due to the increased C-H broad stretching vibrations of the small 
amounts of PVA and PVP crosslinked in the polymer matrix along with the Chi. The 
characteristic functional group peaks are shifted after addition of AgNPs in both nanocomposite 
films indicating that these groups interact with silver or carbon. The peak intensity around 1640 -  
1650 cm-1 of chitosan increased after adding AgNPs. Vimala et al. suggested that the shift was 
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due to the formation of coordination bonds between metals with the oxygen and nitrogen atoms 
of chitosan [30]. In this work, the CNTs are partially oxidized by gamma irradiation and so also 
have the ability to interact with AgNPs and chitosan. The results corroborate those from the 
TEM above suggesting the attachment of AgNPs to the CNTs.   
 
Figure 3.  FTIR spectra of chitosan and AgNP-containing nanocomposites 
 
The mechanical properties of a material are crucial in determining its suitability for a 
particular end use.  As shown in Figure 4 and Table 1, incorporation of the AgNPs strengthens 
the unfilled chitosan film, doubling the tensile strength, toughness and the stress at which the 
elastic limit was reached although without significantly changing the ultimate strain at break. 
These improvements result from the interaction between chitosan and the Ag-NPs referred to 
above which form further physical crosslinks which hold together the polymer matrix. Further, 
more modest, increases in the tensile properties were observed and the elongation at break 
extended when CNTs were included in the composite. It should be noted that the exact values 
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measured depend on the sample history and degree of hydration etc. so the trends here will be 
valid although further increases could be expected from optimizing the crosslinking density and 
other properties of the matrix. Similar results were noted when gold nanoparticles were 
introduced into a chitosan matrix although in that case there was a greater enhancement in tensile 
strength [34]. 
Table 1. Mechanical properties of nanocomposite films 
Sample Tensile 
Strength  
/ MPa 
Elongation 
at break  
/ % 
Toughness 
/ J m-3 
Chi 4.13 293 6.96 
Chi/Ag 8.11 309 13.83 
Chi/CNTs/Ag 9.52 345 15.67 
 
Figure 4. Typical stress-strain curves for nanocomposite films. 
Further information on the properties of the nanocomposite films was determined by 
using impedance spectroscopy to measure the real and imaginary parts of the electrical 
impedance, Z*, and dielectric permittivity, ɛ*, as a function of the frequency, f, of an applied 
electric field. These parameters are related to each other by:  
 𝑍∗ = 𝑍′ − 𝑗𝑍" (1) 
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and  
 𝜀∗  =  𝜀 ′ − 𝑗𝜀" = 1/𝑗𝜔𝐶0𝑍
∗ (2) 
where Z' and ɛ' are the real parts and Z" and ɛ" are the imaginary components of the impedance 
and dielectric permittivity respectively. C0 is a constant related to the permittivity of free space, 
 is the angular frequency (2f) and j = -1 [35]. 
 Figure 5 shows the frequency dependence of Z′ and Z"  between 303 K to 423 K for the 
two chitosan nanocomposites. Both Z' and Z" are higher for the films which contain CNTs since 
the CNTs make the film more polarizable. Both properties decrease with rising frequency up to ~ 
60 kHz for Z’ and for Z" up to ~ 40 kHz above which the values remain very low and constant. 
The merging of Z' and Z" indicates space charge liberation at higher frequencies [36]. The fall of 
Z' and Z" with increasing frequency for both films is associated with an increase in conduction 
[37] as thermal activation of dipoles becomes more important [38]. 
The real component of the ac conductivity, σac, can be obtained [36] from: 
 𝜎𝑎𝑐 = (
𝑍 ′
𝑍 ′2+ 𝑍"2
)
𝑑
𝐴
= 𝜎1(𝑇) +  𝜎2(𝜔, 𝑇) (3) 
where A is the cross-sectional area and d the thickness of a specimen. The dc conductivity,  
𝜎1(𝑇), dominates at low frequencies while the final term  𝜎2(𝜔, 𝑇) captures the temperature and 
frequency dependence and can be expressed as: 
 𝜎2(𝜔, 𝑇) =  𝐵(𝑇) 𝜔
𝑠  (4) 
The parameter B has units of electrical conductivity and s is a dimensionless exponent. The 
variation of σac with frequency for the Chi/Ag and Chi/CNTs/Ag films is shown in Figure 6. At 
low frequencies, the conductivities are low and do not vary much with frequency. This is because 
the levels of AgNPs and CNTs are below the reported percolation thresholds [39]. It can be seen 
that σac increases markedly at higher frequencies, above 1 MHz, due to a greater driving force for 
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the mobility of charge carriers increasing the liberation of charge carriers from  trapping centers 
[40].  As expected, the conductivities are several orders of magnitude higher than the reported 
values for pristine chitosan films [39] although those values depend critically on the method and 
conditions of preparation. As the temperature increases, the conductivity increases for both 
nanocomposites due to the increase in mobility of charge carriers with temperature [41]. 
 
Figure 5. Real (Z') and imaginary (Z") components of impedance as a function of frequency from 
303 K to 423 K. (a, c) Chi/Ag; (b, d) Chi/CNTs/Ag   
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Figure 6. Variation between 303 K to 423 K of ac conductivity with frequency (a, b) and of the 
frequency exponent from Equation 4 with temperature (c, d). (a, c) Chi/Ag; (b, d) Chi/CNTs/Ag.  
 
 The temperature dependence of the frequency exponent, s, in Equation (4) yields 
information on the prevailing charge transport conduction mechanism in a material. It is calculated 
by nonlinear fitting of Equation (4). If s increases with temperature, then the dominant conduction 
mechanism is by small polarons [42]. If the conduction mechanism is due to overlapping polaron 
tunneling, s first decreases and then increases with rising temperature [43]. Correlated barrier 
hopping and quantum mechanical tunneling conduction mechanisms are associated with values of 
s that get smaller or are temperature independent. Figure 6(c, d) show that s increases with 
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temperature, suggesting that small polarons are the predominant conduction mechanism in both 
nanocomposites over the temperature range studied. 
The highest measured conductivities occurred at the highest frequency (10 MHz in this 
work). The values are plotted in Figure 7 to compare the two nanocomposite films. The 
conductivity, σac, is higher for Chi/Ag film than for Chi/CNTs/Ag film at each temperature. This 
may be due to the interactions between the AgNPs and the CNTs reducing the mobility of the 
charge carriers in the film [41]. AgNPs on CNTs have been found to be most effective functional 
conducting fillers, yielding improved  electrical applications in epoxy resins due to low contact 
resistance and high aspect ratios [44]. Again, it should be noted that CNT levels here are below 
the percolation threshold. 
 
Figure 7. Effect of temperature on conductivity at 10 MHz for Chi nanocomposites. 
 The frequency and temperature variation of the real part of the dielectric constant, ε', for 
the nanocomposite films is illustrated in Figure 8. ε' decreases with rising frequency but increases 
with temperature. No appreciable relaxation peaks were noted over the frequency range measured. 
The decrease in ε' with frequency is associated with decreasing polarization within the films as the 
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response time becomes shorter [45]. Different polarization mechanisms such as interfacial, dipolar, 
atomic, and electronic [46] can operate within a material and each makes a contribution to ε'. At 
lower frequencies, the time scale is such that each type of polarizations can respond. However, at 
high frequencies, complete formation of dipoles is not possible so that they do not contribute to 
the net polarization and hence ε' falls [47]. The low value of ε' at higher frequencies suggests 
material applications in photonic and electrooptic devices such as waveguides or electrooptic 
modulators [48]. Conversely, the increase in ε' with rising temperature is due to thermal activation 
of dipoles [49] and hence higher polarization. A small lowering of ε' was observed on the addition 
of CNTs in Chi/Ag film at all temperatures. 
 
Figure 8. Effect of frequency on ε' from 303 K to 423 K. (a) Chi/Ag; (b) Chi/CNTs/Ag. 
  
The real component of the dielectric constant, ε', represents the energy stored in the 
medium in an electric field while ε" accounts for energy losses in the medium. The ratio of these 
is dielectric loss tangent, tan δ:   
 tan δ = 
𝜀"
𝜀′
 (5) 
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The values for the two nanocomposite films over the frequency range studied are shown in Figure 
9. At lower frequencies, there is a large temperature dependence and tan δ takes higher values at 
higher temperatures. At low temperature, there is no frequency dependence below the MHz range. 
Chitosan films contain small amounts of H+, NH3
+ and acetate ions and the behaviour of tan δ can 
be explained in terms of ion migration as well as enhanced polarization causing higher losses [50]. 
Ionic effects are reduced at higher frequencies and hence dielectric losses are lower [51]. Figure 9 
also shows an increase in tan δ with temperature. The transitions in the loss spectra in the MHz 
range suggest that dipolar relaxation is making a contribution to energy dissipation [52, 53]. 
Addition of elongated CNTs provides further opportunities for interfacial polarization and dipolar 
interactions which lead to higher loss factors [54, 55]. 
 
Figure 9. Effect of frequency on tan δ from 303 K to 423 K. (a) Chi/Ag; (b) Chi/CNTs/Ag 
 
4. Conclusion    
A new rapid and facile ultrasound-assisted procedure was developed for manufacturing Chitosan 
nanocomposites with excellent dispersion of CNTs and AgNPs. Data on mechanical properties 
shows that both fillers have a positive effect on the tensile strength and elongation at break of 
chitosan. This indirectly indicates better dispersion of the nanotubes and AgNPs in chitosan 
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under ultrasonic treatment. TEM results also show that ultrasound helps in dispersion of 
nanotubes as a result of breakage of CNTs bundles. The real part of the dielectric constant was 
found to increase with increase in temperature and frequency for both Ag/Chi and Ag/Chi/CNTs 
samples which suggests potential material applications in photonic and electro-optic devices. The 
dielectric loss factor increased with the addition of elongated CNTs in Ag/Ch film which will 
limit the usefulness of these nanocomposites in dielectric applications. 
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